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Summary
Objective: To evaluate the cartilage thickness (ThC) and subchondral bone area (tAB) of the operated and contra-lateral non-operated
(healthy) knees in patients with anterior cruciate ligament (ACL)-reconstruction 7 years after surgery using a quantitative and regional cartilage
MR imaging (qMRI) technique.
Methods: Charts of 410 patients with ACL-reconstructions were retrospectively reviewed. Fifty-two patients (male/female, 28/24; mean age,
33.3 years) were included. Patients underwent KT-1000 testing and qMRI of both knees using coronal fat-saturated 3D spoiled gradient-re-
called echo (SPGR) sequences (TR/TE, 44/4 ms) at 1.5 T. Quantitative analyses of ThC and tAB in the femoro-tibial cartilage plates were
performed using a subregional approach. In addition, qualitative and quantitative assessment of femoral condyle shapes was performed.
t tests with Bonferroni corrections were used for statistical analysis of side-to-side differences between the operated and non-operated knees.
Results: KT-1000 testing was abnormal in 3/52 patients (6%). Lateral femoral tAB was signiﬁcantly lower (9.2%), and medial tibial tAB was
signiﬁcantly larger (þ2%) in the operated vs non-operated knee (P< 0.001). Regional and subregional ThC side-to-side differences were less
than 0.1 mm and, except for the external lateral femoral subregion, they were not statistically signiﬁcant. Flattened and broader shapes of
medial femoral condyles (P< 0.001) were found in operated knees. No signiﬁcant association of presence of cartilage or meniscus lesions
at surgery with ThC 7 years post-operatively was found (P¼ 0.06e0.98).
Conclusion: There is evidence for changes in the tAB and femoral shape 7 years post-ACL-reconstruction, but no side-to-side differences in
subregional ThC were found between the operated and contra-lateral non-operated knees.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Clinical reports suggest that patients with anterior cruciate
ligament (ACL)-deﬁcient knees have an increased inci-
dence of knee osteoarthritis (OA) relative to an uninjured
population1. Possible factors in the initiation of early OA
in patients with ACL-injuries include associated lesions*Address correspondence and reprint requests to: Dr Gustav
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871of the collateral ligaments, menisci and cartilage sur-
face2,3. Theoretical models have shown that kinematic
changes after ACL-injuries may occur and cause acceler-
ated cartilage loss in ACL-deﬁcient knees4. Treatment of
ACL-injuries by ACL-reconstruction is not suggested to di-
rectly reduce the risk of developing OA, but non-surgical
treated patients tend to have more instability-related prob-
lems, reduced activity levels, and a higher risk of second-
ary meniscus lesions which may indirectly lead to a higher
risk of OA5e8.
Quantitative MR imaging (qMRI) of cartilage is a tool to
evaluate OA-related changes in the cartilage thickness
(ThC) and subchondral bone area (tAB)9e11. Studies with
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directly reﬂects the amount of cartilage loss in OA12e15. The
precisionof qMRI (including themethodsutilized in this study)
is reported to be very high with precision errors being much
lower than normal biological intra- and inter-subject variabili-
tes9,10,12,16e19. Recently, novel technology has been pre-
sented for assessing ThC on subplate (subregional) level,
as this technology is potentially more sensitive to detect dif-
ferences/changes in subregional cartilage thickness that
may not be apparent at total plate level20e22.
In the scenario of potential initiation of OA 7 years after
ACL-reconstruction, we here test the hypothesis that 7
years after surgery ThC and potentially also tAB are differ-
ent between knees with prior ACL-reconstructions com-
pared with non-operated knees. Because the side-to-side
differences in cartilage morphology are substantially less
than the inter-subject variability18, operated knees were
compared in each individual with the contra-lateral (healthy)
knee rather than with non-operated control participants.Material and methodsSTUDY SUBJECTSThe study was designed as a retrospective cross-sectional qMRI study,
with each participant serving as his/her own control. The institutional review
board approved this study and written informed consent was obtained from
each patient.
Patient charts from a cohort of 410 consecutive patients with arthroscopic
ACL-reconstructions, all of them performed between 1993 and 2001 by one
experienced surgeon (P.M.) were reviewed. We identiﬁed 320 patients whoFig. 1. qMRI of the knee cartilage of a 32 years old female patient with left
images (TR/TE, 44/4 ms; ﬂip angle, 25) of both knees show a well preser
B. Three-dimensional (3D) reconstruction of the central weight-bearing fe
from anterior with individual subregions, as used for quantitative image an
osteophytes are excluded. C. Cartilage thicknmet all the inclusion criteria (18e40 years of age at time of surgery; less than
24 months between injury and ACL-reconstruction; no clinically or radio-
graphically evidence of OA pre-operatively). All patients were contacted
and information with regard to our study was provided. Fifty-two of these
320 patients (16%) (28 males; 24 females; mean/median age, 33.3/32.5
years; age range, 21e51 years; mean/median weight, 75.6/74.8 kg, weight
range, 52.1e113.4 kg; 49 boneetendonebone grafts; three hamstring grafts)
were willing to participate in our investigation. We did not include patients
with systemic diseases or previous trauma, surgery or other disorders of
the contra-lateral (non-operated) knee.
Between July 2005 and September 2006, patients underwent MRI of both,
the operated and non-operated knees and a thorough clinical examination
which included KT-1000 arthrometer testing of both knees for anterior fem-
oro-tibial displacement23. In addition, the International Knee Documentation
Committee (IKDC) score and the level of activity using the Minnesota leisure-
time physical activity questionnaire (MLTPAQ) were noted for each
patient24,25.
For all patients, the initial surgical reports, which included completed record-
ing of associated cartilage and meniscus lesions, were available. Pre-opera-
tive MR images were not available. At surgery, cartilage lesions were graded
using a modiﬁed Outerbridge scoring system (0¼ normal; 1¼ softening;
2¼ superﬁcial changes; 3¼ deep changes; 4¼ exposedbone)26,27.Meniscus
lesions within the anterior horn, body, and/or posterior horn were graded as fol-
lows: 0¼ normal; 1¼ stable tear; 2¼ unstable, partial tear (extension to only
one articular surface of meniscus); 3¼ unstable, complete tear (extension
from the superior-to-inferior articular surface of meniscus).
In 25/52 patients (48%) the left knee and in 27/52 patients (52%) the right
knee was operated. The mean time between ACL-injury and surgery was
0.65 0.39 years (median, 0.57 years; range, 0.08e1.58 years). The
mean time between surgery and follow-up MRI was 7.38 1.74 years (me-
dian, 6.80 years; range, 4.76e12.56 years).MRIAll MRI was performed on a 1.5 T MR scanner (Signa Excite HD, GE
Healthcare, Waukesha, WI) using a high-resolution eight-channel knee-sided ACL-reconstruction 9.5 years ago. A. Coronal 3D SPGR MR
ved cartilage and a large osteophyte (asterisk) in the operated knee.
moral (top) and tibial (bottom) subchondral bone area (tAB) viewed
alysis, color-coded (please refer to Table I for labeling). Please note:
ess distribution projected onto the tAB.
873Osteoarthritis and Cartilage Vol. 17, No. 7coil (HD TRknee, GE Healthcare). In all patients, standard transaxial fat-
saturated T2-weighted fast spin-echo (FSE) sequences (TR/TE,
3500e4066/70 ms; echo train length (ETL) 8; 32 slices; number of excita-
tions (NEX) 3; acquisition time, 5:10 min), sagittal fat-saturated T2-weighted
(TR/TE, 3600e4100/88; ETL 10; 23 slices; NEX 2; acquisition time,
5:29 min) and intermediate-weighted (TR/TE, 2000e2200/14 ms; ETL 6;
23 slices; NEX 2; acquisition time, 5:20 min) FSE sequences, as well as
coronal intermediate-weighted FSE sequences (TR/TE, 4900e5600/31;
ETL 8; 22 slices; NEX 1; acquisition time, 6:10 min) were performed. Se-
quence parameters included 4 mm slice thickness, 256e512 192e256
matrix size, and 140 140 mm ﬁeld-of-view (FoV). These standard se-
quences were applied only in the operated knee and were only used for
clinical purposes.
In addition, a coronal fat-saturated 3D spoiled gradient-recalled echo
(SPGR) sequence (TR/TE, 44/4 ms; ﬂip angle, 25; matrix size, 512 512;
60 slices; slice thickness/gap, 1.5/0 mm; FoV, 160 160; NEX 1; acquisition
time, 6:13 min) was applied in both, the operated and non-operated knees
and used for the qMRI analysis (Fig. 1).QUANTITATIVE ASSESSMENT OF SUBREGIONAL CARTILAGE
THICKNESS AND SUBCHONDRAL BONE AREAAll qMRI analyses were performed by one author (M.K.) with more than 3
years of experience in qMRI analysis, using proprietary cartilage analysis
software (Chondrometrics, Ainring, Germany). Images were anonymized
and the performing author was blinded to the fact on which side (left or right)
the ACL-reconstruction was performed by mirroring the images. However, it
was not feasible to blind which data sets belong to the operated and non-op-
erated knees, respectively.
Segmentation involved manual tracing of the tAB which included all areas
of cartilage-covered and denuded subchondral bone and of the cartilageTable I
Knee cartilage surface segmentation for quantitative cartilage
assessment
Label* Cartilage segment Speciﬁcation of individual
cartilage segmenty
Global cartilage measurement
cMF Central medial femur From trochlear notch 60% of the
distance to the posterior end of
the femur; total expansion of the
femoral condyle in medial-lateral
dimension
cLF Central lateral femur
MT Medial tibia Entire medial/lateral tibial plateau,
respectivelyLT Lateral tibia
Regional cartilage measurement
ccMF Central part of cMF Each segment comprises 33% of
the total area of subchondral bone
(tAB) of the central medial/lateral
femur condyle; mathematical
algorithm uses strips of triangles
within a triangle mesh
ccLF Central part of cLF
ecMF External part of cMF
ecLF External part of cLF
icMF Internal part of cMF
icLF Internal part of cLF
cMT Central MT 20% of the surface area of MT/LT;
algorithm determined elliptical
cylinder around the center of gravity
of the total area of subchondral
bone (tAB)
cLT Central LT
aMT Anterior MT Remaining 80% of the surface area
of MT/LT; subsegmentation by
complex vector-based algorithm
uses mathematical computation of
principal axes of orientation of
subchondral bone area and triangle
mesh
aLT Anterior LT
pMT Posterior MT
pLT Posterior LT
eMT External MT
eLT External LT
iMT Internal MT
iLT Internal LT
*The labeling of the different segments followed the proposal for
a nomenclature for MRI based measures of articular cartilage in OA
published by Eckstein et al.28.
yThe segmentation of the cartilage surface was performed using
a previously described algorithm22.surface (AC) in the medial tibia (MT), lateral tibia (LT), central medial femur
(cMF) and central lateral femur (cLF)28. Tracing of AC excluded osteophytes’
cartilage. Analysis of the femur focused the central weight-bearing portion of
the condyles (cMF and cLF, Table I) as to avoid partial volume effects in cor-
onal images29. A recently developed algorithm22 was then utilized to calcu-
late the size of tAB and the mean cartilage thickness (ThC) across the
entire tAB and in all subregions with denuded areas counted as 0 mm of
ThC16,28,30.
Cases with ‘‘larger side-to-side differences’’ of the tAB were reviewed by
two authors (G.A., L.M.W.) with two respects: ﬁrst, to review and conﬁrm the
accuracy of the segmentation and to exclude possible effects of interference
screws on the qMRI measurements31; second, to note any potential surgery-
related osseous changes32 and to evaluate any side-to-side differences of
the femoral condyles whose shape were qualitatively graded as either
0¼ same shape; 1¼ concave shape; 2¼more convex shape; 3¼ ﬂattened
shape (operated vs non-operated knees)33. ‘‘Larger side-to-side differences’’
were deﬁned as ﬁnding of individual side-to-side differences in tAB in an in-
dividual case were smaller or greater than the two-fold standard deviation
(SD) of the mean tAB side-to-side difference of all cases.
In addition, in all 52 patients the femoral condyles’ shape was assessed
quantitatively by one single author (G.A.) by measuring the maximal distance
(d1) from the most inferior point of the femoral condyle to the horizontal ref-
erence line (d2) along the edges of the internal/external cortex of the medial/
lateral femoral condyle. Therefore, a point at the margin of the articular sur-
face/subarticular bone interface was chosen on the coronal SPGR image
which showed the most inferior point of the femoral condyle (Fig. 2). The ratio
(r) between d1 and d2 was calculated as follows: r¼ d1/d2.
Moreover, all cases with abnormal KT-1000 results were reviewed and
ﬁndings were compared to the overall mean values of all 52 patients.STATISTICAL ANALYSISData were documented electronically using Excel (Microsoft, Redmond,
WA). Subsequent statistical analysis was performed by one author (G.A.) us-
ing SPSS (SPSS Inc., Chicago, IL).
Side-to-side differences in the KT-1000 results between the operated and
non-operated knees as well as all other side-to-side differences were evalu-
ated using paired t tests with Bonferroni correction to adjust for multiple com-
parisons: (1) evaluation of side-to-side differences of global ThC and tAB:
two parameters two cartilage segments two compartments¼ eight com-
parisons. (2) Evaluation of side-to-side differences of subregional ThC: eight
cartilage segments two compartments¼ 16 comparisons. (3) Evaluation of
side-to-side differences of femur condyle shape: three parameters (d1; d2;
r) two compartments¼ six comparisons. (4) Association between the sub-
regional ThC and the presence of cartilage lesions at surgery and associa-
tion of global ThC and the presence of meniscus lesions at surgery using
unpaired t tests: (eight qMRI segments six Outerbridge segments two
compartments)þ (two meniscus two cartilage segments two compart-
ments)¼ 104 comparisons. Thereof, a Bonferroni-adjusted signiﬁcance level
of a¼ 0.05/(8þ 16þ 6þ 104)¼ 0.00037 was used for all analyses.ResultsCLINICAL EXAMINATION e KT-1000 ARTHROMETER TESTINGThe mean IKDC score was 84.1 (range, 46.0e100). Pa-
tients spent an average of 25.6 18.6 (mean SD) hours
per week in physical activities (males, 22.6 14.3; females,
29.2 22.5) (Table II). The mean anterior displacement at
the KT-1000 testing (20 lbs and 30e35 ﬂexion) was
5.0 2.0 mm in the operated knees and 4.4 1.9 mm in
the non-operated knees with a mean side-to-side difference
of 0.6 1.7 mm (side-to-side differences of 3 mm are con-
sidered normal) (P¼ 0.011). In only 3/52 patients (6%)
a side-to-side difference of >3 mm was found (3.3, 4.7,
and 5.0 mm, respectively). Two of these three patients
had a boneetendonebone ACL-graft, and one patient had
a hamstring ACL-graft.CARTILAGE THICKNESS AND SUBCHONDRAL BONE AREAThe qMRI assessment was not hampered by artifacts as-
sociated with the prior surgery (i.e., metal artifacts from in-
terference screws).
Signiﬁcant side-to-side differences of the tAB between
the operated and non-operated knees were seen in one
Fig. 2. Coronal 3D SPGR MR images (TR/TE, 44/4 ms; ﬂip angle, 25) of the right (A) and the left (B) knee of a 41 years old female patient with
left-sided ACL-reconstruction 9.7 years ago. A. The shape of the femur condyles was quantitatively assessed by calculation the ratio (r) be-
tween the maximal distance (d1) from the most inferior point of the femoral condyle to the horizontal reference line (d2) along the edges of the
internal and external cortex of the medial/lateral femoral condyle. B. Complete loss of cartilage with exposed subchondral bone (denuded
area) is noted in the weight-bearing central part of the central medial femoral condyle (arrow) as well as well as ﬂattening of the medial/lateral
femur condyle of the operated knee. Asterisk¼ACL-graft.
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the tAB was 9.2% lower in the operated than in the non-op-
erated knee (P< 0.001), whereas in the LT no signiﬁcant
side-to-side differences were detected. Medially, signiﬁcant
side-to-side differences of tAB were seen in the tibia (þ2%)
of the operated knees relative to the non-operated knees,
but no signiﬁcant differences in the femur were detected.
In 14/52 patients (27%) ‘‘larger’’ (>two-fold SD in cohort)
side-to-side difference of the tAB was identiﬁed. The review
of these 14 cases showed an appropriate tAB and cartilage
segmentation. Surgery-related bone changes such as tun-
nel position relative to articular cartilage surface and trunca-
tion of articular surface of the lateral femoral condyle as
a result of notch plasties were noted in all of these cases.
In addition, a ﬂattened shape (grade 3) of the medial and
lateral femoral condyle was noted in nine and 10 of these
14 cases (64 and 71%, respectively). In all other cases,
the femoral condyles of the operated knee showed theTable II
Physical activities of 52 patients with ACL-reconstructions 7 years
after surgery
Activities Activity
reported
(number
of cases)
Knee pain
reported during
activity (number
of cases/%)
Activity reduced due
to post-operative
pain (number of
cases/%)
Walking 52 3/6 1/2
Stair climbing 52 10/19 2/4
Light housework 52 1/2 0/0
Heavy housework 50 3/6 1/2
Gardening 37 2/4 2/4
Swimming 40 0/0 0/0
Conditioning 49 3/6 3/6
Snow shoveling 38 5/10 4/8
Golf 36 4/8 3/6
Dancing 46 8/15 6/12
Care giving 25 3/6 2/4
Skiing 36 5/10 3/6
Water sports 32 3/6 0/0
Racquet sports 25 2/4 1/2
Data are based on the MLTPAQ25.same shape (grade 0) when compared to the non-operated
knee. None of the femoral condyles was rated as concave
(grade 1) or more convex (grade 2).
A statistically signiﬁcant side-to-side difference of d1
(14.3 and 23.6%, respectively) indicative for ﬂattening
of the medial and lateral femoral condyle, was found in
the quantitative assessment of the femoral condyles’ shape
(Table IV). In addition, the lateral femoral condyle of the op-
erated knees was found to be 10.2% smaller whereas the
medial femoral condyle was found to be 3.5% broader.
No statistically signiﬁcant side-to-side differences of ThC
were found in global ThCmeasurements. Regionalmeasure-
ments showed a signiﬁcantly (P< 0.001) smaller ThC only
for the external segment of the LT (Table III) in the operated
knees. Though not statistically signiﬁcant, all other cartilage
segments of the lateral compartment of the operated knees
showed a trend/tendency toward a smaller ThC when com-
pared to the non-operated knees (range of mean side-to-
side difference, 0.00 to 0.09 mm). All segments of the me-
dial compartment of the operated knees, in contrast, showed
a trend/tendency toward a higher ThC than the non-operated
knees (range of mean side-to-side difference, 0.00 to
þ0.05 mm). The only exception to this was the central region
of cMF (ccMF), where the ThC of the operated knees was
1.6% thinner compared to non-operated knees.
In the three patients with abnormal KT-1000 ﬁndings,
changes of tAB and ThC were similar to the other 52 pa-
tients (please compare to Table III), but with somewhat
higher side-to-side differences: tAB of the lateral femur
was 11.0% lower, and tAB of the MT was 2.2% higher in
the operated than non-operated knees. Side-to-side differ-
ences in ThC were 0 mm (0%), 0.17 mm (8.12%),
0.03 mm (1.72%), and 0.07 mm (2.91%) for cLF, cMF,
LT, and MT, respectively.CARTILAGE AND MENISCUS LESIONS AT SURGERY
AND ASSOCIATION WITH CARTILAGE THICKNESSAt surgery, 12/52 patients (23%) displayed cartilage le-
sions in the lateral and 16/52 patients (31%) cartilage
Table III
Total subchondral bone area (tAB) and cartilage thickness (ThC) in the operated and non-operated knees of 52 patients with ACL-reconstruc-
tions 7 years after surgery
Cartilage segment Lateral compartment Medial compartment
Operated
(meanSD)
Non-operated
(mean SD)
Difference
(mean/%)
P-value
(a¼ 0.00037)
Operated
(mean SD)
Non-operated
(meanSD)
Difference
(mean/%)
P-value
(a¼ 0.00037)
Total area of subchondral bone (tAB) [cm2]
Femur (cLFtAB/cMFtAB) 6.03 1.73 6.62 1.87 0.61/9.21 <0.0001 5.94 1.71 5.84 1.69 0.10/1.71 0.005
Tibia (LTtAB/MTtAB) 11.13 1.87 11.19 1.81 0.06/0.54 0.243 12.57 1.88 12.33 1.82 0.24/1.95 <0.0001
Global cartilage thickness measurement [mm]
Central femur (cLF/cMF) 1.90 0.36 1.94 0.25 0.04/1.76 0.172 1.98 0.30 1.96 0.28 0.02/0.75 0.573
Tibia (LT/MT) 2.21 0.30 2.24 0.29 0.03/1.34 0.074 1.82 0.25 1.77 0.21 0.05/2.82 0.011
Regional cartilage thickness measurement [mm]
Central femur (ccLF/ccMF) 2.31 0.44 2.32 0.36 0.01/0.43 0.660 2.37 0.42 2.41 0.39 0.04/1.60 0.318
External femur (ecLF/ecMF) 1.64 0.32 1.73 0.25 0.09/5.20 0.002 1.49 0.26 1.44 0.21 0.05/3.47 0.030
Internal femur (icLF/icMF) 1.80 0.31 1.80 0.23 0.00/0.00 0.855 2.10 0.30 2.07 0.32 0.03/1.45 0.378
Central tibia (cLT/cMT) 3.58 0.59 3.60 0.56 0.02/0.56 0.708 2.56 0.43 2.49 0.39 0.07/2.81 0.014
External tibia (eLT/eMT) 1.69 0.26 1.75 0.25 0.06/3.43 <0.0001 1.53 0.24 1.53 0.20 0.00/0.00 0.848
Internal tibia (iLT/iMT) 2.27 0.30 2.30 0.28 0.03/1.30 0.207 2.03 0.30 2.00 0.26 0.03/1.50 0.159
Anterior tibia (aLT/aMT) 1.61 0.33 1.63 0.29 0.01/1.20 0.251 1.60 0.27 1.55 0.22 0.05/3.23 0.023
Posterior tibia (pLT/pMT) 2.03 0.26 2.06 0.25 0.03/1.46 0.366 1.48 0.21 1.45 0.18 0.03/2.07 0.129
Data are reported separately for the lateral and medial femoro-tibial compartment. Mean values with SDs and mean side-to-side differences
are given in absolute numbers. Side-to-side differences are also expressed as percentage of the non-operated knees and calculated as fol-
lows: mean diff%¼ [(mean valueopmean valuenon-op)/mean valuenon-op] 100. All numbers were rounded off to two decimal places after
ﬁnishing the calculations. P-values for the side-to-side comparison between the operated and non-operated knees are based on t tests
with Bonferroni corrections (see ‘‘Statistical analysis’’ section for details).
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cartilage lesions were low-grade lesions (grade 1 or 2).
However, there were more high-grade lesions (grade 3 or
4, n¼ 9) in the medial compartment with a predilection at
the central weight-bearing aspect of the femoral condyle
(n¼ 4).
At surgery, lateral meniscus lesions were found in 23/52
patients (44%) and medial meniscus lesions were found in
21/52 patients (40%). The posterior horn was more often af-
fected in both the medial and the lateral menisci whenTable I
Quantitative assessment of the shape of the femoral condyles in the opera
7 years after
Lateral femoral condyle
Operated
(meanSD)
Non-operated
(meanSD)
Difference
(mean/%)
P
(a¼
Distance d1 (mm) (Fig. 2)
Maximal distance from
the most inferior point
of the femoral condyle
to the horizontal
reference line (d2)
3.88 1.15 5.08 1.25 1.20/23.62 <
Distance d2 (mm) (Fig. 2)
Horizontal reference line
along the edges of the
internal and external
cortex of the medial/
lateral femoral condyle
26.54 2.86 29.54 2.62 3.00/10.16 <
Ratio r between d1 and d2
Ratio calculated as
follows: r¼ d1/d2
1.46 0.39 1.71 0.35 0.25/14.62 <
Data are reported separately for the lateral and medial femoral condyle.
in absolute numbers for both distances as well as for the ratio (r) of both di
of the non-operated knees and calculated as follows: mean diff%¼ [(mea
were rounded off to two decimal places after ﬁnishing the calculations. P
non-operated knees are based on t tests with Bonferroni corrections (secompared to the anterior horn or the body. Unstable menis-
cus tears (n¼ 40) were more common than stable menis-
cus tears (n¼ 23). In 15/52 patients (29%) with stable
tears, either trephination (14 patients) or meniscal repair us-
ing bio-absorbable strips (one patient with a tear of the pos-
terior horn of the lateral meniscus) has been performed. All
unstable, partial tears (grade 2) were treated by partial
resection of the meniscus (please refer to Table V for the
exact locations). As a result, a total of 28 partial resections
were performed. All unstable complete tears (grade 3) wereV
ted and non-operated knee of 52 patients with ACL-reconstructions
surgery
Medial femoral condyle
-value
0.00037)
Operated
(meanSD)
Non-operated
(meanSD)
Difference
(mean/%)
P-value
(a¼ 0.00037)
0.0001 4.13 1.01 4.83 1.13 0.69/14.29 <0.0001
0.0001 26.02 2.61 25.15 2.18 0.87/3.46 <0.0001
0.0001 1.59 0.37 1.92 0.41 0.32/16.66 <0.0001
Mean values with SDs and mean side-to-side differences are given
stances. Side-to-side differences are also expressed as percentage
n valueopmean valuenon-op)/mean valuenon-op] 100. All numbers
-values for the side-to-side comparison between the operated and
e ‘‘Statistical analysis’’ section for details).
Table V
Cartilage and meniscus lesions in 52 patients at time of ACL-reconstructive surgery, and association of meniscus lesions at surgery with car-
tilage thickness seven years post-operatively
Patients, n¼ 52 Lateral compartment Medial compartment
Grade
1 2 3 4 1 2 3 4
Cartilage lesions at surgery (0¼ normal; 1¼ softening;
2¼ superficial changes; 3¼ deep changes;
4¼ exposed bone)*
Total number of cases with cartilage lesions 12/52 (23%) 16/52 (31%)
Anterior femury 0 0 0 0 2 2 1 0
Middle femur 4 1 1 0 2 2 2 2
Posterior femur 5 0 0 0 3 3 1 3
Anterior tibia 0 0 0 0 0 0 0 0
Middle tibia 5 0 0 0 4 0 0 0
Posterior tibia 0 0 0 0 0 0 0 0
Grade
1 2 3 1 2 3
Meniscus lesions at surgery (0¼ normal; 1¼ stable tear;
2¼ unstable, partial tear; 3¼ unstable, complete tear)
Total number of cases with meniscus lesions 23/52 (44%) 21/52 (40%)
Anterior horn 0 1 1 0 1 3
Body 1 6 1 0 6 3
Posterior horn 11 7 1 11 7 3
Association of meniscus lesions with cartilage thickness P-value (a¼ 0.00037) P-value (a¼ 0.00037)
Medial/lateral meniscus lesions vs cartilage thickness
Central femur (cLF/cMF) 0.582/0.789 0.285/0.509
Tibia (LT/MT) 0.706/0.139 0.257/0.818
*Cartilage lesions at surgery were graded using a modiﬁed Outerbridge scoring system.
yFor the cartilage assessment at surgery, the cartilage surface was divided into different segments. These segments at surgery were not
identical to the segments at qMRI. P-values are based on t tests with Bonferroni corrections (see ‘‘Statistical analysis’’ section for details).
876 G. Andreisek et al.: qMRI evaluation of ThC and tAB in patients with ACLtreated by meniscectomy (total of three medial and one
lateral meniscectomies).
Potential relationships were investigated between the
presence of a cartilage or a meniscus lesion at surgery
and the subregional ThC at the time of qMRI 7 years later,
but no signiﬁcant associations (P¼ 0.06e0.98 for cartilage
lesion at surgery vs ThC in all different subregions; and
0.285e0.818 for meniscus lesion at surgery vs femoral
and tibial ThC) were shown. In the subgroup of those four
patients with high-grade cartilage lesion within the central
weight-bearing aspect of the femoral condyle at the time
of surgery, the cartilage within ccMF was found to be 1.8,
8.3, 28.4, and 47.8%, respectively, thinner in the operated
knee than in the non-operated knee.Discussion
In this study we used a cross-sectional data set from a co-
hort of patients with ACL-reconstructions in order to analyze
side-to-side differences of subregional cartilage thickness
and subchondral bone area in the operated vs non-oper-
ated knee of the same subjects. To our knowledge, no
previous cross-sectional qMRI study in patients with ACL-
injuries or ACL-reconstructions has analyzed the tAB and
subregional ThC of operated vs non-operated knees.
Previously, average intra-individual side-to-side differ-
ences in ThC in healthy volunteers were reported to be
6.0 4.5% for MT, 6.0 3.9% for LT, 9.8 8.7% for cMF,
and 7.0 5.0% for cLF, as well as 3.8 3.1% for the total
knee18. Most ThC side-to-side differences observed in our
study cohort were less than those values and it is thereforereasonable to assume that most side-to-side differences
measured in our study are within the range of normal side-
to-side differences in healthy participants and therefore clin-
ically irrelevant. As by this, we could not ﬁnd evidence of car-
tilage loss in patients with ACL-reconstructions, even 7 years
after surgery. However, since our study has a cross-sectional
study design, there was no randomized control group of pa-
tients without surgical repair after ACL-injury. Thus, we can-
not state with certainly that different ﬁndings would be made
in non-operated patients, and we also cannot certainly state
that ACL-reconstructions help to prevent early onset of OA.
Our results show some trends/tendencies, as the ThC of
the operated knees was consistently lower in the lateral
compartment and consistently higher in the medial compart-
ment (with except for ccMF). One explanation for these ﬁnd-
ings might be related to signs of early degeneration
(cartilage swelling) in the medial compartment. Another ex-
planation might be related to biomechanical changes in the
operated knees such as altered gait kinematics with an
increased valgus stress and/or increased loading in the lat-
eral compartment34. It is also documented that increased in-
ternal tibial rotation can occur in ACL-deﬁcient knees as
well as in knees with ACL-reconstructions when compared
to normal healthy knees35. We have little evidence for insta-
bility-related problems in our cohort of patients, since only
three patients demonstrated abnormal results at the KT-
1000 testing indicative of anterioreposterior instability.
However, the KT-1000 test is not capable to detect tibial ro-
tation changes. The thinner cartilage within ccMF may also
be explained in part by the high-grade cartilage lesions in
that area, as observed in a subgroup of four patients at
the time of ACL-reconstruction. However, we could not
877Osteoarthritis and Cartilage Vol. 17, No. 7ﬁnd evidence that patients with high-grade cartilage lesions
at time of ACL-reconstruction have in general a thinner car-
tilage in any of the subregions of the operated knee com-
pared to the non-operated knee, 7 years after surgery.
In our cross-sectional study, we observed signiﬁcant
side-to-side differences of the tAB. We found a 9.2%
smaller tAB in cLF and a signiﬁcantly larger tAB in the me-
dial compartment of the operated knees when compared to
non-operated knees. While the differences in cLF may be
explained by surgery-related loss of bone (e.g., because
of inter-condylar notch plasty) and as this is in accordance
with our ﬁndings of a 10.2% smaller diameter of the lateral
femoral condyle (d2) in the operated knees32, the
differences in the medial compartment might be related to
modeling/remodeling processes of the subchondral bone
either within the time period between the ACL-injury and
surgery or in the time period between surgery and the
cross-sectional qMRI examination. These modeling/remod-
eling processes could represent adaptional changes to al-
tered knee joint kinematics after ACL-reconstruction such
as an increased internal tibial rotation35 and/or signs of
early OA. By reviewing all cases with ‘‘larger side-to-side
differences’’ of tAB and by performing a quantitative as-
sessment of the femoral shapes, we found signiﬁcant
side-to-side differences with ﬂattened and broader medial
femoral condyles in the operated compared to the non-op-
erated knees33. Our ﬁndings are supported by recent data
which suggest that bone ﬂattening (or bone attrition) is not
only associated with higher stages but also with mid stages
of OA where typically no joint space narrowing is evident on
radiographs36. Our ﬁndings are also in good agreement with
previous cross-sectional and longitudinal studies which
have reported increases in tibial bone area in OA pa-
tients37e39 with one of these studies even reporting rela-
tively large increases per one single year (2.2 6.9 and
1.5 4.3% per annum in MT and LT, respectively)38. A later
study by the same group also reported an increase of tibial
tAB also in healthy women (1.2% per annum in the medial
and 0.8% in the LT)40. In another multi-center study, statis-
tically signiﬁcant increases of about 0.3% of the tibial and
femoral tAB over a period of 3 months were reported. Those
increases, however, were found to not differ signiﬁcantly be-
tween healthy knees (n¼ 97) and those with symptomatic
and radiographic knee OA (n¼ 61)41. An age-related ex-
pansion of bone cross-sectional area has also been ob-
served at other skeletal locations, in particular at the
femoral neck42e44. Moreover, an experimental study in
a dog model, where early OA was induced in 19 dogs by
ACL-transections, has shown that intense bone remodeling
in ACL-deﬁcient knees can occur. In the dog study, osseous
remodeling of the subchondral and trabecular bone was ob-
served with a peak 12 weeks following ACL-transection45.
In our study, we found no potential relationship between
the presence of meniscus lesions at the time of surgery
and the subregional ThC at the time of qMRI 7 years later.
This might be related to the fact that total meniscectomy
was performed in only four patients whereas in the majority
of our patients either meniscal repair procedures or only
partial resections were performed. Meniscectomies are oth-
erwise known to be directly associated with the develop-
ment of OA5,7. We also found no relationship between
cartilage lesion at the time of surgery and the cartilage thick-
ness at qMRI. However, in the subgroup of those four pa-
tients in our study with high-grade cartilage lesions within
the central weight-bearing aspect of the femoral condyle,
we found a relatively thinner cartilage within ccMF in the op-
erated knee than in the non-operated knee.Our study is limited by its retrospective cross-sectional
study design. As this study was designed to gather informa-
tion at long-term follow-up after surgery, there is no MRI
data prior to surgery. Therefore, our results do not qualify
for the discussion of longitudinal observations in OA. How-
ever, our study is strengthening by the long observation pe-
riod between surgery and qMRI ranging from 4.76 to 12.56
years. As abovementioned, there was no control group of
patients without ACL-reconstruction; however, as we com-
pared the operated with the non-operated knee, each sin-
gle patient had his/her own control. Since the inter-
subject variability in ThC was shown to be larger than the
intra-individual variability18, this might represent an even
more accurate control group. In this study, we had a very
homogenous cohort of patients in terms of age, gender,
and type of ACL-reconstruction. However, since only pa-
tients with healthy contra-lateral knees were included, this
might has introduced a selection bias as patients with bilat-
eral knee problems are not represented in our cohort of
patients.
In conclusion, there is evidence for changes in the tAB
and femur shape 7 years post-ACL-reconstruction, but no
side-to-side differences in subregional ThC were found be-
tween the operated and contra-lateral non-operated knees.Conﬂict of interest
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